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1. Title of Invention 

LITHIUM METAL OXIDE CONTAINING MULTIPLE DOPANTS 
AND METHOD OF PREPARING SAME 

2. Claims _ 

1. An intercalation compound having the 
formula LiNi 1 . x Co,MiM' b O a ; wherein M is selected from the 
group consisting of Ti, Zr, and combinations thereof; 
M' is selected from the group consisting o£ Mg, Ca, Sr, 
Ba, and combinations thereof; v=y+a+b; x ie from 
greater than 0 to about 0-5; y is from greater than 0 
to about 0-5/ a is from greater than 0 to about CMS; 
and b is from greater than 0 to about 0.15. 

2. The intercalation compound of Claim 1 
wherein M is Ti. 

3- The intercalation compound of any of the 
preceding claims wherein M' is Mg. 

4. The intercalation compound of any of the 
preceding claims wherein a is approximately equal to to. 

5. The intercalation compound of any of the 
preceding claims wherein 0.1 * y s 0,3, 

6. The intercalation compound of any of the 
procading claims wherein b is no smaller than a. 

7. A positive electrode for lithium and 
lithium ion cells comprising an intercalation compound 
according to any of the preceding claims. 



8 . A. method of preparing an intercalation 
compound of the formula LiNi l . x Co y M a M / j,Q 2 / comprising the 
steps of: 
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mixing stoichiometric amounts of source 
compounds containing lithium, nickel, cobalt, M and M' , 
wherein M is selected from the group consisting of ?i, 
Zr, and combinations thereof, and M 1 is selected from 
the group consisting of Mg, Ca, sr, Ba, and 
combinations thereof, to give the desired molar ratio 
for the formula LiNi^COyMJ^ v,0 2 wherein x=y+a+b, x is 
from greater than 0 to about 0.5, y is f^rorn greater 
than 0 to about 0.5, a is from greater than 0 to about 
CMS, and b is from greater than 0 . to about 0.15; 

f iring the mixture at a temperature between 
500°C and 1000°C in the presence o£ oxygen for 
sufficient time ho produce the intercalation compound 

in a single phase; and 

cooling the intercalation compound in a 
controlled manner. 

9. The method according to Claim a wherein 
the firing step comprises firing the mixture at a 
temperature between 500 *C and 600 °C, and then firing 
the mixture at a temperature between 7 00 °c and 300°c. 

xo . The method according ta Claim 9 wherein, 
said firing step comprises firing the mixture at a 
temperature between 500°C and 600°C for between about 4 
and about 24 hours, and then firing the mixture at a 
temperature between 700 *C and 900*C for between about 4 
and about 24 hours. 

11, The method according to Claim 8, 9 or 10 
wherein said firing step comprises firing the mixture 
in an atmosphere with an oxygen partial pressure of at 
least 20 kPa, 
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3. Detailed Explanation of the Invention 

CROgs^BEEBSEBSfi TO RKT,ATEP 

This, application is related to U.S. Patent 
Application Serial No. 08/954,372, filed October 20, 
1997, which is hereby incorporated by reference i» it. 
entirety; U.S. Provisional Application No. 60/046,570, 
5 filed May 15, 1997; and U.S. Provisional Application 

No. 60/046,571, filed May 15, 1997, *«* Glairo * tlia 
benefit of these applications under 35 U.S.C. § 119(e) . 

FTffT.T) OF T WW TWVBtTTIOM 

This invention relates to metal oxide 
10 compounds and to preparation methods thereof. More 
specifically, this invention relates to doped metal 
oxide insertion compounds for use Ln lithium and 
lithium- ion batteries. 

pftPKnR OUND Og ™f? INVENTION 
Metal oxides such as lithium metal oxidea 
have found utility in various applications. For 
example, lithium metal oxides have been used ae cathode 
materials in lithium secondary batteries. Lithium and 
lithium ion batteries can be used for large power 
applications such as for electric vehicles, in this 
specific application, lithium or lithium ion cells are 
put in series to form a module. In the event that one 
or more of the cells in the module fails, the rest of 



15 
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the cells become overcharged resulting possibly in 
explosion or the cells. Therefore, It is important 
that each cell is individually monitored and protected 
against overcharging. 

The moat attractive materials £or use as 
cathode materials for lithium ion secondary batteries 
have been LiCoO,, LiNiO a . and liMn 2 0, . However, although 
these cafchoda materials dxe attractive for use in 
lithium ion secondary batteries, there are definite 
drawbacks associated with these materials. One of the 
apparent benefits for using Li2TiO a and LiCoO, as cathode 
materials is that these lithium metal oxides have a 
theoretical capacity of 275 mAhr/g. Nevertheless, the 
full capacity of these materials cannot be achieved in 
practice. In fact, for pure LiNi0 2 and LiCoO,, only 
about 140-150 mA-hr/g can be used. The further removal 
of lithium by further charging (overcharging) the LiNiO s 
and LiCo0 2 material degrades the cycleability of these 
materials *>y moving niokol or cobalt into the lithium 
layers. Furthermore, the further removal of lithium 
causes exothermic decomposition of the oxide in contact 
with the organic electrolyte under heated conditions 
which poses safety hazards. Therefore, lithium ion 
cells using LiCoO, or LiNiO, are typically overcharge 
protected. 

LiCo0 2 and LiNiOj have additional 
disadvantages when used in lithium ion< batteries . 
Specifically, LiNi0 2 raises safety concerns because it 
has a sharper exothermic reaction at a lower 
temperature Chan L±CoO a . Ae a result, the charged end 
product, Ni0 3 , is unstable and can undergo an exothermic 
decomposition reaction releasing o 2 . see Dahn et al, 
Solid State Ionics, Vol. 69, 2fiS (19S4) . Accordingly, 
pure LiNiO, is generally not selected for use in 
commercial lithium- ion batceries. Additionally, cobalt 
is a relatively rare and expensive transition metal, 
which makes the positive electrode expensive.- m 
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Unlike LiCoO a and LiNiO a , LiMn 2 0 4 spinel is 
believed to be overcharge safe and is a desirable 
cathode material for that reason. Nevertheless, 
although cycling over the full capacity range for pure 
S LiMn a 0 4 can be done safely, the specific capacity of 

LiMn 2 0* is low. Specifically, the theoretical capacity 
of LiMn 3 0 4 is only 148 mA* hr/g and typically no more 
than about 115-120 mA» hr/g can be obtained with good 
cycleaibility- The orthorhombic LiMn0 2 and the 

10 tetragonally distorted spinel liijMn^ have the 

potential for larger capacities than is obtained with 
the LiMn 2 0 4 spinel . However, cycling over the full 
capacity range for LiMn0 2 arid LijMn^ results in a rapid 
capacity fade. ^ 

15 Various attempts have bo<m made to either 

improve the specific capacity or safety of the lithium 
metal oxides used in secondary lithium batteries by 
doping these lithium metal oxides with other cations. 
For example, cobalt cations have been used to dope 

20 LiNiO^. Nevertheless, although the resulting colid 

solution LiNi^xCOxOs (OsXsl) may have somewhat improved 
safety characteristics over LiNiO a and larger useful 
capacity below 4.3 V versus Li than LiCo0 2/ this solid 
solution still has to be overcharge protected just as 

25 LiCo0 2 and LiNi0 2 . 

one alternative has been to dope LiNio 2 with 
ions that have no remaining valence electrons thereby 
forcing the material into an insulator state at a 
certain point of charge and protecting the material 

30 from overcharge. For example, Ohzuku et al- (Journal 

of Electrochemical Soc, Vol. 142, 4033 (1995)) 
describe that the use of Al** as a dopant for lithium 
nickelates to produce LiNi 9 15 Al 025 O 4 can result in 
improved overcharge protection and thermal stability in 

35 the fully charged state as compared to LiNi0 2 . However, 

the cycle life performance of this material is unknown. 
Alternatively, U.S. Patent No- 5,595,842 to Nakare et 
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al. demonstrates the use of Ga 5 * instead of Al 3 *. In 
another example, U.S. Patent No. 5,370,949 to Davidson 
et al. demonstrates that introducing chromium cations 
into LiMnO, can produce a tetragonally distorted spinel 
5 type of structure which is air stable and has good 

reversibility on cycling in lithium cells. 

Although doping lithium metal oxides with 
single dopants has been successful in improving these 
materials, the choice of single dopants which can be 

10 used co replace the metal in the lithium metal oxide Let 

limited by many factors. For example, the dopant ion 
has to have the right electron configuration in 
addition to having the right valency- For example, 
Co 3 *, Al 14 , and Ga a * all have the same valency but Co 3 * 

IS can be oxidized to Co 4 * while HX 2 \ and Ga a * cannot. 

Therefore doping LiNi0 3 with Al or Ga can produce 
ov**ohargo protection whila doping with cobalt does not 
have the same effect, The dopant ions also have to 
raftide at the correct sites in the structure. Rossen 

20 et al (Solid State Ionics Vol. 57, 311 (1992)) shows 

chat introducing Mn into LiNiO a promotes cation mixing 
and therefore has a detrimental effect on performance. 
Furthermore, one has to consider the ease at which the 
doping reaction can be carried out. the cost of the 

25 dopants, and the toxicity of the dopants. All of these 

factors further limit the choice of single dopants. 

In addition to these factors, it 'is also 
desirable that the doped lithium metal oxide has a high 
usable reversible capacity and good cycleability to 

30 maintain this reversible capacity during cycling- As 
mentioned above, LiNiO a and LiCo0 2 have usable 
reversible capacities in the rang© of 140-150 mAhr/g 
because of their low thermal stability. Moreover, 
LiMn 2 0 4 can generally only be operated at 115-120 

35 mA-hr/g with good cycleability . Therefore, there is a 
need in the art to produce a doped lithium metal oxide 
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tliat exhibits an improved reversible capacity and good 
cycl ©ability while maintaining thermal stability. 

SmmPJVC_OV THE _I NVENT IQW 
The present invention provides a multiple- 
5 doped lithium metal oxide and a method of preparing 
same wherein the dopants used have been found to 
produce an improved intercalation compound that is • 
particularly suitable for use in the positive 
electrodes of lithium and lithium ion batteries* 

10 unlike che doped lithium metal oxide compounds of the 
prior art, the intercalation compound of the invention 
has a low irreversible capacity and thus has a high 
reversible capacity during cycling. Furthermore , the 
intercalation compound of the invention has excellent 

15 cycleability and bherefore its high reversible capacity 
can be maintained for hundreds of cycles . The 
intercalation compound of the invention can be 
conditioned at normal operating voltages and thus does 
not require a series of high voltage conditioning 

20 cycles. Moreover, the intercalation compound of the 

invention has good thermal stability, especially in the 
charged state, as deaired for lithium and lithium ion 
cell applications . 

The intercalation compound of the invention 

25 has the formula LiNl 1 .*c6 y M B M' b q sr wherein W is selected 
from the group consisting of Ti, Zr, and combinations 
thereof, and M' is selected £r-otn the grroup consisting 

of Mg, Ca, Sr, Ba, and combinations thereof. 
Preferably, M is titanium and M' is magnesium. The 

30 elements in the compounds are present such that 

x=y+a+b; x is from greater than 0 to about 0.5, y is 
from greater than 0 to about 0.5, a is from greater 
than 0 to about 0.15, and b is from greater than 0 to 
about 0.15, Preferably, 0 < x s Q-5, 0.1 s y s 0.3, 

35 0<as 0.15, 0 < b s: 0.15, and a is approximately 

equal to b. In addition, b is preferably no smaller 
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than a. The present invention also includes a positive 
electrode for lithium and lithium ion batteries 
comprising the intercalation compound. 

The present invention further includes a 
method of preparing an intercalation compound of tha 
formula LiNi a .^COyM^M ' b 0 2 . According to the method of the 
invention, stoichiometric amounto of source compounds 
containing lithium, nickel, cobalt, M' and M, wherein M 
is selected from the group consisting of Ti, Zr, and 
combinations thereof, and M is selected from the gro-up 
consisting of Mg, Ca, Sr, Ba, and combinations thereof, 
are mixed together to give the desired molar ratio for 
the formula LiNi^Cc^M' *(V described above . The 
mixture is then fired at a temperature between 500 °C 
and 1000*C in the presence of oxygen for sufficient 
time to produce the intercalation compound in a single 
phase. Preferably, the mixture is fired at a 
temperature between £00 °C and 600°C; and then fired at 
a temperature between 700 °C and 900° C. The resulting 
intercalation compound is then cooled in a controlled 
manner . 

In addition to the above features and 

advantage©, other features and advantages o£ the 
present invention will become more readily apparent to 
those skilled in the art upon consideration of the 
following detailed description and drawings which 
describe both preferred and alternative embodiments of 
the present invention. 

"BRIEF DESCRIPT IO N OF THE DRAWINGS 
Figure 1 is a graph of specific capacity 
versus cycle number for a secondary lithium ion cell 
including a positive electrode prepared according to 

the invention. 

Figure 2 is a graph of heat flow versus 
temperature and compares an intercalation compound of 
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the invention to LiNiO*, LiCo0 2 , Litfi,>. ft Co 0i2 0 3 , and 
LiNi c . 7S Ti 0 . :2S Mg 0 , 13S O a . 

DETAILED DESCRIPTION OP THE PREFERRED EMB ODIMENTS 

The present invention will be described more 
fully hereinafter with reference to preferred 
embodiments of the invention. This invention can, 
however, be embodied in mkny different forma and should 
not be construed as limited to the embodiments sot 
forth herein; rather, these embodiments are provided so 
that this disclosure will be thorough and complete, and 
will fully convey the scop* of the invention to those 
skilled in the art. 

The intercalation compounds of the invention 
have the formula LiNi^COy^M'tA, wherein M is selected 
from the group consisting of Ti, Zr, and combinations 
thereof, and M' ie* selected from the ^roup consisting 
of Mg, Ca, Sr, Ba, and combinations thereof. The 
elements In the compounds are present such that. 
x -y + a+b, x is from greater than 0 to about 0.5 r y is 
from greater than 0 to about 0.5, a is from greater 
than 0 to about 0.15, and b is from greater than 0 to 
about 0.15. Preferably, 0.1 & y s 0>3» In accordance 
with the invention, these intercalation compounds s*tt» 
typically in a single phase and have a hexagonal 
layarad crystal structure. In addition, as will be 
understood by those of skilled in the art, 'Co, M and M' 
are used as dopants for nickel in LiNi0 2 and are not 
used to take the place of lithium ions in the 
intercalation compound. Therefore, the reversible 
capacity is maximized in th* intercalation compound of 
the invention . 

As mentioned above, M is selected from the 
group consisting of Ti, Zr, and combinations thereof, 
and M' is selected from the group consisting of Mg , Ca, 
ST, Ba, and combination© thereof. preferably, M i« Ti 
and M' is Mg. The use of M and M' at the same time 



erwir>. , in m>w^ <n« 



(IS) 11-92149 



imposes intrinsic overcharge protection on the 
intercalation compounds and improves Che safety of the 
material while maintaining good cycleability at large 
capacities. For example, as illustrated using M - Ti 
and M' » Mg. it is believed that Ti and Mg have the 
form Ti- and Mg 2+ in LiNi a . x Co y Ti a Mg b 0 2 because the 
energies of Mg 2s electrons are higher than Ti 3d 
electrons which in turn ate higher than Ni and Co 3d 
electrons (Yeh et al, Atomic Data and Nuclear Data 
Tables Vol. 32, 1-155 (1985)). It can be shown that 
the- oxidation state o£ nickel and cobalt aqual* 3 whan 
a-b so that the material can be written as 
Li*Ni?: x Co2*Ti*'MgVo t . Since there are no remaining 
valence electrons in either Ti*- or Mg*-, ' only (l-2a) Li 
per formula unit can be removed and therefore 
overcharge protection is achieved intrinsically. In 
other worda, the charge will atop when all the Ni J * and 
Co 5 * is oxidized to Ni** and Co** and the fully charged 
material is ^±^0^X1^1^ . Also, the material is 
believed to be more stable against decomposition in the 
fully charged state than LiNi0 2 and LiCoO a . This 
stability improves the safety of the material under 
overcharge conditions in lithium ion eleotrochemlcal 
cells. Because the average oxidation .state of nickel 
and cobalt ia lesa than 3 in fciNi^Co/Ti.MgtA, when b«a, 
it is preferred that b*a, especially because Ni a * ions 
tend to migrate to the lithium layers causing diffusion 
problems for lithium during electrochemical charge and 
discharge. Furthermore, it is preferred that b is not 
much greater than a because the oxidation state of 
nickel and cobalt will approach 4 which makes it 
difficult to formulate single phase intercalation 
compounds. Therefore, the ratio of b:a is preferably 
between about 1 and about i/(a+b). In addition, as 
described above, a and b preferably meet the following 
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relationships: 0 < a =s 0.15, 0 < b s 0.15, a is 
approximately equal to b, and b*a. 

Ill a preferred embodiment of the invention, 
the intercalation compound has the formula 
LiNii^COyTi.MgbOj, wherein x»y+a+b; o < x =z 0.5; 0.1 s y 
£ 0.3; 0 < a s 0.15/ 0 < b s 0.15; and a is 
approximately equal to Furthermore, preferably b is 

no smaller than a. Exemplary compounds include 
LiiNio.^Co^^rio.xMgo.iOa, W.Ni 0 ., 5 Co 0 . ls Ti a . 0 ^lg 0 , 0 80 3 , and 
lANi 0 . ? Co 0 . 2 Ti 0>O5 Mg 0 , 05 O 2 , 

For the intercalation compounds of the 
invention, it has been discovered that by combining 
cations in the rangee described heroin, thara is 
significant improvement in the irreversible capacity 
emd cycleability of the intercalation compound. In 
fact, these improvements have been so significant as to 
fc>e unexpected for this particular combination of 
cation©. Specifically, theca intercalation compounds 
exhibit a significant decrease in irreversible capacity 
and significant increase in cycleability. The 
intercalation compounds prepared according to the 
preferred embodiment described in the previous 
paragraph, for example, exhibit an irreversible 
capacity of about 35 inA lix/g compared to 80-90 mA- hr/gr 
for compounds that do not include cobalt. This 
irreversible capacity is much lower than would be 
expected in the art and allows cells using this 
material in positive electrodes to operate with a. much 
higher reversible capacity than has been known in the 
art. Furthermore, these intercalation compounds have 
excellent cycleability thereby allowing the 
intercalation compounds to maintain this high 
reversible capacity. Another unexpected benefit of the 
intercalation compounds of the invention is that these 
materials can be conditioned at normal operating 
voltages («.g* 4.3 V versus tii) and do not: require high 
voltage conditioning steps. 
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The present invention also includes a 
positive electrode (cathode) for lithium and lithium 
ion batteries comprising the intercalation compound. 
The intercalation compound of the invention is 
typically combined with a carbonaceous material and a 
binder polymer to form a cathode. The negative 
electrode can be lithium metal or alloys, or any 
material capable of revereibly lithiating and 
delithiatincr at an electrochemical potential relative 
to lithium metal between about ,0 . 0 V and' 0.7 V, and is 
sftparated from th« positive electrode material in tha 
cell using an electronic insulating separator. 
Examples of negative electrode raacerials include 
carbonaceous materials containing H, B, Si and Sn; tin 
oxides; tin-silicon oxides; and composite tin alloys. 
The electrochemical cells further include an 
electrolyte. The electrolyte can be non-aqueous 
liquid, gal or solid and preferably comprises a lithium 
salt, e.g., LiPF«. Electrochemical cells using the 
intercalation compounds of the invention as positive 
electrode material can be combined for use in portable 
electronics such as cellular phones, camcorders, and 
laptop computers, and in large power applications such 
as for electric vehicles. 

The present invention further includes a 
method of preparing an intercalation compound of the 
formula I»lNij, x C©yM t M' & Oj - According to the method of the 
invention, stoichiometric amounts of source compounds 
containing lithium, nickel, cobalt, M' and M, wherein m 
is selected from the group consisting of Ti, Zr, and 
combinations thereof, and M is selected from the group 
consisting of Mg, Ca, Sr, Ba, and combinations thereof, 
are mixed together to give the desired molar ratio for 
the formula LiNi^Co^M' D O z daocribad above. fla stated 
above; it is preferred that M is titanium and M' is 
magnesium. The source compounds (raw materials) can toe 
the pure elements but are typically compounds 
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containing the elements such as oxides or salts 
thereof . For example, the source compounds are 
typically hydrated or anhydrous oxides, hydroxides, 
carbonates, nitrates, sulfates, chlorides or fluoride, 
fcut can be any other suitable source compound that will 
not cause elemental defects in the resulting 
intercalation compound. The elements for the 
intercalation compound can each be supplied from 
separate source compounds or at least two of the 
elements can be supplied from the same source 
compounds. For example, mixed source cation compounds 
such, as TiMg0 3 and Ni4.75Tio.agO can be used. In addition, 
the source compounds can be mixed in any desirable 
order. 

Although the intercalation compounds are 
preferably prepared by a solid state reactions, it can 
be advantageous to react the raw materials using wet 
chamistry crucjh as sol -gal type reactions, alone or in 
combination with solid state reactions. For example, 
tine source compounds comprising the nicXel, cobalt, M 
and M' can be prepared as a solution in a solvent such 
as water and the nickel, cobalt, M and M' precipitated 
out of solution as an intimately mixed compound such as 
a hydroxide. The mixed compound can then be blended 
with a lithium source compound. The reaction mixture 
can also be prepared by suspending, source compounds in 
a soluticn of other source compounde and spray drying 
the resulting slurry to obtain an intimate mixture. 
Typically, the selection of reaction methods will vary 
depending on the raw materials used and the desired end 
product. 

The mixture once prepared can be reacted to 
form the lithium metal oxide. Preferably, the mixture 
ifl reacted by firing the mixture at a temperature 
between 500 °C and 1000°C in the presence of oxygen for 
sufficient time co produce the intercalation compound 
in a eingle phase. Preferably, the mixture ia fired in 



(22) 15 WPP 11-92149 



an atmosphere having an oxygen partial pressure of at 
least about 20 kPa. More preferably, the oxygen 
partial pressure is about 100 kPa to discourage the 
material from decomposing Into a cubic rock-salt 
structure. The mixture is generally fired for a total 
of between about 4 and about 48 hours in one or more 
firing steps. Preferably, the mixture is first fired 
at a temperature between -500°C and 600*C. more 
preferably about 5S0°C, for between about 4 and about 
24 hours (e.g. 10 hours) . The mixture is then fired at 
a temperature between 700 °C and 900-C, more preferably 
about BQO-C, for better* about 4 and about 24 hours 

(e.g. 10 hours) . 

The resulting intercalation compound is then 

cooled in a controlled manner. Preferably, the fired 

mixture is cooled at a rate of 5-C/min or less. For 

example, the Intercalation compound can be cooled at a 

rate of i°C/rain until the intercalation compound is at 

a temperature of about S00°C. The intercalation 

compound can tnen be allowed to cool naturally to room 

temperature . 

In the preferred embodiment described above 

having the formula LiNi l . x co r Ti a Mg b 0 2< a single phase can 

be obtained by the following steps. First, 

stoichiometric amounts of a lithium source compound, a 

nickel source compound, a cobalt source compound, a 

titanium source compound and a magnesium source 

compound are mixed in any desired order to give the 

desired molar ratio according to the formula 

LiMi 1 . x Co y Ti„Mg D 0 2 . As described above, the lithium, 

nickel, cobalt, titanium and magnesium can be supplied 

by separate source compounds or two or more of these 

elements can be supplied by a single source compound- 

For example, TiMgO, and Ni 0 .„Ti 0 . 25 O are commercially 

available compounds which can supply two cations for 

use in the intercalation compounds of the invention. 

The mixture is fired at a temperature between 500«C and 
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SO0°C, preferably 550°C, and then fired at a. 
temperature between 700<>C and 900oc, preferably SOO c C. 
Tlie mixture ±o fired in an atwoophere with a psurtia.1 
pressure of oxygen of at least 20 kFa, preferably about 
1O0 kPa. The fired mixture is then cooled in a 
controlled manner, preferably at a rate of 5°c/min or 
less . For example, the fired mixture can be cooled at 
a rate of l°C/min to 5GQ°.<C, and than cooled naturally 
to room temperature. The firing temperature and the 
soak times are chosen depending on the amounts of the 
elements used and the oxygen partial pressure so that 
trie lithium to Xi z . x Co Y ?L,Mg h ratio in the structure 
preferably approximates 1:1 and no significant cation 
mixing between lithium and the other metals occurs in 
the layers . 

As mentioned above, in addition to producing 
the intercalation compounds of the invention by solid 
state method* , these compounds can also be mad© by wet 
chemistry methods. For example, tfi, Co, Ti and Mg can 
be precipitated simultaneously from a solution 
containing these elements resulting in an intimately 
mixed compound. The mixed compound having tho desired 
molar ratio according to the formula Litf i L . x Co y T±. 1 Mgi 1 0 2 
can then be blended with a lithium source compound and 
fired as described above to produce the intercalation 
compound of the invention* When the elements are mixed 
using wet chemistry methods, the mixture can generally 
be fired for a shorter period. of time to produce 
uniform diffusion cf the Ni, Co, Ti and Mg. 

The present invention will now be described 
according to the following non-liniiclng examples. 

Exa mple 1 

Stoichiometric amounts of I*iOH, NiO, Co 3 6 4/ 
TiO a , and Mg (OH) 7 to give LiNi 0i7 co 0i ,Ti 0 , oa Mg a , 06 0 2 are mixed 
and fired at « tempcrattire o£ 550*C for 10 hours and 
then at 800*C for 10 hours in an atmosphere with the 
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oxygen partial pressure close to 100 kPa. The cooling 
WB ccocrolled at l'C/min down to 500 °C followed by 
natural cooling to room temperature. A powder x-ray 
diffraction pattern of the intercalation compound chows 
a single phase material with a hexagonal (or 
rhombohedral) layered structure similar to that of ct~ 
NaFeO s . The same single phase material was also 
produced firing the mixture in an atmosphere with the 
oxygen partial pressure close to 20kPa. 

Electrochemical cells with lithium metal as 
the anode and cathodes with liiNi 0 .,Co 0 .iTi 0 . 0 EMSro.osOa 
(prepared according to Example 1) as the active 
material were made and tested. The electrolyte was 1M 
LiPF t in a 50/50 volume percent mixture of ethylene 
carbonate and dimethyl carbonate solvents. Celgard 
3 501 separators and NRC coin call hardware ware 

used. The cathode consisted of 85% active material (by 
weight) , 10% super S™ carbon black and 5* 
polyvinyl idene fluoride (PVDF) as a binder polymer, 
coated on aluminum foil. The test results of one such 
call is shown in Fig. 1- The cell was charged and 
discharged with a constant current of 0.3 mA between 
2.SV and 4.3V. The active mass of cell was 9.9 mg, and 
therefore the current density per active weight was 3 0 
mA/g . 

As demonstrated in Figure 1, the irreversible 
capacity for the cell is 35 mA- hr/g and thus the 
reversible capacity obtained at an upper cut-off 
voltage of 4-3V is 160 mA-hr/g. Therefore, the 
reversible capacity is improved prior art compounds. 
Furthermore, the material has excellent cycle stability 
{or cyolaability) . These properties have been 
demonstrated without having to subject the compound to 
an initial 5V conditioning charge. instead, the 
battery was cycled directly at a 4 . 3V cut-off voltage. 
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Example 3 
LiNi0 2 , LiCoO a , Litfi 0 , a Co 0>2 0 2 , 
IjiWifl.7 B Ti 0fXa5 Mg 0 .w»O 2# and the intexoalation compound 
LiNi 0 ^Go 0i2 Ti 0 . O5 Mg^ M O 3 prepared in Example 1, were each 
used ae the active cathode material for electrochemical 
cells prepared in the manner described in Example 2 
using between 10 mg and 20 mg active matexial for each 
oell. The cells were first conditioning charged to 5 . o 
V and discharged to 3.0 V f and then float charged to 
4,5 V with 0.2 tuA current for 40 hours to ensure 
equilibrium conditions. The charged cells were then 
transferred to a glove box filled with argon and 
opened- Between 0*1 mg and l.Q mg of the cathode 
material from the cells was removed and hermetically 
sealed into DSC cells. Each of cells contained 10-15* 
of the electrolyte described in Example 2. Figure 2 
illustrates the DSC results for these compounds with 
the area of interest magnified in the inset. The 
positive heat flow in Figure 2 represent heat flowing 
out of the sample. As shown in Pig. 2, 
IiiNio.tCOo. 1 Tie.o 5 Mg a . ol O a has a much smaller exotherm than 
LiNi0 2 , LiCo0 2 and IiiNi 0 . B Co 0 . 3 O a in the delithiated state, 
and Its exotherm is comparable to that of 
LiN± 0 .„Ti i . M ,Mgi.iaO a in the delithiated state. This 
demonstrates Che good thermal stability and safety 
advantage in the charged state of the material of the 
invention. 

The present invention provides a multiple- 
doped lithium metal oxide and a method of preparing 
same wherein the dopants used have bean found to 
produce an improved intercalation compound chat is 
particularly suitable for use in the positive 
electrodes of lithium and lithium ion batteries. 
Unlike the doped lithium metal oxide compounds of the 
prior art/ the intercalation compound of the invention 
has a minimal irreversible capacity loss and thus has a 
high specific capacity during cycling, Furthermore, 
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the intercalation compound of the invention has 
excellent eycleability and therefore this high specific 
capacity can be maintained for hundrede of cycles. 
The intercalation compound of the invention can be 
conditioned at normal operating voltages and thus does 
not require a series of high voltage conditioning 
cycles. Moreover, the intercalation compound of the 
invention has good thermal stability, especially in the 
charged state, as desired for lithium and lithium ion 
cell applications. 

Many modifications and other embodiments of 

the invention will come to the mind of one skilled in 
the art to which thifi invention pertains having the 
benefit of the teachings presented in the foregoing 
descriptions and the associated drawings. Therefore, 
it is to be understood that the invention is not to be 
limited to the specific embodiments disclosed and that 
modifications and other embodiments are intended to be 
included within the scope of the appended claims. 
Although specific terms are employed herein, they are 
used in a generic and descriptive sense only and not 
for purposes of limitation. 
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3. Detailed Explanation of the Invention 
1 , Abstract 

The present invention provides a multiple- 
doped lithium metal oxide and a method o£ preparing 
same for use in the positive electrodes of lithium and 
5 • lithium ion batteries. The intercalation compound of 

the invention has the formula LiNi^Co^M' b 0 a , wherein M 
is selected from the group consisting of Ti, Zr r and 
combinations thereof, and M' is selected from the group 
consisting o£ Mg, Ca, Sr, Ba, and combinations thereof. 
10 The elements in the compounds are present such that 

x=y+a+b, x is from greater than 0 to about .0.5, y is 
from greater than 0 to about 0.5, a is from greater 
Chan 0 zo about 0,15, and b is from greater than o to 
about 0,15. 

2_ Representative Dra wing 
none 



